Abstract. The basic facts of charge symmetry breaking (CSB) phenomena are reviewed. The relevance of CSB to parity-violating electron-proton scattering experiments that seek to extract strange elastic form factors is discussed. Experimentalists have stated and written that the current uncertainty in our knowledge of CSB limits the ability to push further on the strange form factors. I discuss recent calculations using relativistic chiral perturbation theory and realistic values of strong coupling constants which show that the uncertainties due to lack of knowledge of CSB are at least ten times smaller than present experimental uncertainties. Estimates of CSB effects are made for the JLab Q weak and Mainz P2 experiments.
Introduction
This document is based on review articles [1, 2, 3, 4] , which describe diverse aspects of charge symmetry and its breaking, and a recent article with student Michael Wagman [5] . Unpublished results related to the Q Weak [6] and P2 experiments are also presented.
Charge symmetry CS is invariance under an isospin rotation of π about the y-axis in isospin space. Thus a u quark is rotated into a d quark. CS is broken slightly by the light-quark mass difference and by electromagnetic effects. Isospin invariance, or [H, T i ] = 0 is invariance under all rotations in isospin space. This invariance is also called charge independence, CI.
Charge symmetry does not imply isospin invariance. For example, the mass difference between charged and neutral pions breaks isospin invariance but not charge symmetry. Another example is the measured difference between the 1 S 0 np and nn scattering lengths.
In general the size of CSB effects is much smaller than the breaking of isospin invariance, CIB. The scale of CSB is typified by the ratio of the neutron-proton mass difference to the proton mass which is about one part in 1000. This is much smaller than the pion mass difference effect which is one part in 27. The CIB of nucleon-nucleon scattering lengths was discovered well before 1965, but unambiguous evidence for CSB in nucleon-nucleon scattering did not appear until about 1979. Thus the expectation is that CSB is a small effect, uncovered only with special effort. The small relative size of CSB effects compared with those of CIB is a consistent with the power counting of chiral perturbation theory [7] .
The IUCF measurement of the nonzero cross section for the reaction dd → απ 0 is a noteworthy example of CSB [8] . The d and α are even under the CS transformation, while the π 0 is odd under that transformation. Thus the observed cross section is a measurement of a square of a symmetry-violating matrix element. The size of the measured cross section (∼ 14 pb) is in qualitative agreement with predictions based on a hybrid form of chiral perturbation theory [9, 10] .
Parity Violating Electron Scattering (PVES), Strangeness Electromagnetic Nucleon Form Factors and Charge Symmetry Breaking
Understanding parity-violating electron scattering requires knowledge of weak neutral form factors. These are sensitive to nucleon strangeness content and the value of the weak mixing angle. The latest review is that of Armstrong & McKeown [11] who conclude that a convincing signal for nucleon strangeness has not been seen. A close look at the data shows that the uncertainty around 0 in the strangeness magnetic form factor, G s M is of the order of about 0.3 nucleon magnetons, which is not that small. The uncertainty around 0 on G E is not so small either.
The relevance of charge symmetry to PVES is that charge symmetry is used to express the form factor for Z-boson exchange in terms of measured electromagnetic form factors. One finds the result G
where G E,M are Sachs form factors by assuming that u in proton corresponds to d in the neutron, d in proton corresponds to u in the neutron. However, if one includes the possibility that CS is violated one finds
with the CSB term G CSB (Q 2 ) computed from the expression
The charge symmetry transformation rotates the first term on the right-hand-side of Eq. (3) into the negative of the second term, so that if CS holds F CSB 1,2 = 0. But CS is known to be violated, so one needs to know about the relative size of the terms G CSB E,M and G s E.M . The worry about a possibly large theoretical uncertainty in G CSB E,M has caused experimentalists to stop their efforts to discover strangeness in nucleons through elastic electromagnetic form factors. For example Ref. [12] states "Theoretical uncertainties especially regarding the assumption of charge symmetry [24] , preclude significant improvement to the measurements reported here." (Ref.
[24] of [12] is our Ref. [13] .) Similar remarks are made in [14] . However, Ref. [15] states that the charge symmetry effect "estimated in the calculation of Kubis and Lewis [53] (our Ref. [13] ) is an exception" to the general experience that charge symmetry breaking effects being very small and that "implications of this work [53] for other examples of charge symmetry violation have not yet been worked out." The statements of Ref. [15] originate from the strong vector-meson nucleon coupling constants that Kubis & Lewis employ in their resonance saturation procedure. These coupling constants are a focus of the present work. Also note that Ref. [16] simply states "isospin violations ... are expected to be very small." So there seems to be a divergence of opinion regarding the importance of the charge symmetry breaking effects. Given the large interest in the strangeness content of the nucleon, it is of considerable relevance to re-examine the charge symmetry breaking effects, and we do that here. Wave function renormalization also gives a CSB contribution not shown.
3. Some history of CSB in PVES I studied this problem long ago [17] and found, using a set of SU (6) non-relativistic quark models, that the effects of the charge symmetry breaking are less than about 1% for experimentally relevant values of the momentum transfer. The 1% refers to the ratio of G CSB E.M to the measured G E,M . The relevant standard now is the size of G CSB E,M relative to the experimental uncertainties. The effects of the up-down quark mass difference in the kinetic energy and one-gluon exchange potential energy along with electromagnetic effects give tiny contributions, especially at low values of Q 2 .
However, I had left out the effects of the neutron-proton mass difference (M n − M p = ∆M ) that appear in evaluating the contributions of the pion cloud to electromagnetic form factors. The proton occasionally fluctuates into a neutron and a π + and a neutron occasionally fluctuates into a proton and a π − . These are not exactly the same because of the neutron-proton mass difference. Kubis & Lewis [13] found the effect using heavy baryon chiral perturbation theory (HBχPT). It turns out that the presence of a chiral logarithmic divergence, ∼ log(Λ/m π ), with Λ large, gives an enhancement that outweighs the very small value of ∆M .
But this use of HBχPT has a problem. One-pion-exchange contributions computed shown diagrammatically in Fig. 1 , do not lead to an unambiguous prediction for the CSB contribution to the neutral weak magnetic form factor because a counterterm unconstrained by symmetry or experiment contributes at leading-order (LO) in chiral power counting.
A prediction based upon χPT requires a model estimate of this unconstrained counterterm. Kubis & Lewis (KL) [13] used a resonance saturation technique in which the CSB is driven by ρ − ω mixing, to provide such a model estimate. The physical states of the ρ and ω mesons are actually not pure states of isospin because of the u − d mass difference and because of electromagnetic effects. The net result of KL is obtained by combining the estimate of the effects of ρ − ω mixing with calculations in HBχPT and infrared regularized baryon chiral perturbation theory. KL predicted a CSB magnetic moment contribution of 0.025 ± 0.015 including resonance parameter uncertainty [13] . This effect is an order of magnitude smaller than current experimental uncertainties in nucleon strangeness measurements, but it is larger than predictions based on non-relativistic quarks models or naive dimensional analysis.
The effects of ρ − ω mixing graphs kill the infinity and provide a finite contribution, which is larger [13] than the pion loop diagram, and is scale-dependent. Thus an ambiguity remains. The KL results for G E are similar to my early results. Their results for G CSB M ≈ 0.02 ± 0.015 are much larger but still very small, about an order of magnitude smaller than the experimental uncertainty. The next-to-leading order term gives a 100 % correction, so the calculation is not converged. The large spread in the computed values of G CSB M arises from the uncertainty in the strong tensor coupling of the ω to the nucleon, which is generally expected to be small. This surprising result arises because KL take strong coupling constants form dispersion analyses of electromagnetic form factors and therefore use strong ω − N coupling constants are much, much larger than typically used in nucleon-nucleon scattering. Therefore there were two new aspects that we considered in our paper [5] . The first was to confirm the appearance of a chiral log term, and the second was to study and constrain the values of the strong coupling constants.
Formalism of Wagman & Miller [5]
We use the chiral Lagrangian
along with pion kinetic energy terms, appropriate for relativistic chiral perturbation theory (RBχPT). In this N is an isospinor for the nucleon fields, Q is the nucleon charge matrix, A µ and F µν are the usual photon field and field strength tensor, m N = 938.9 MeV is the average nucleon mass, g A = 1.2701 (25) is the axial charge of the nucleon, f π = 92.21 (14) MeV is the pion decay constant, π a is an isovector of pion fields, the τ a are Pauli matrices acting in isospin space, and ∆m N = m n − m p = 1.2933322(4) MeV is the nucleon mass splitting. The final term is a nucleon-photon contact interaction allowed by symmetries and power counting (quark model stuff and vector meson contributions). We use relativistic chiral PT and compute the relevant graphs using usual Feynman rules without the need to expand in inverse powers of the nucleon mass. More equations can be found in [5] . We found that our relativistic F CSB 2 is a convergent integral that has a scale-independent chiral log term of the form log m N /m π with the same coefficient as KL. This contrast with the chiral log of KL which is cut off at the rho meson mass and has a scale-dependent counter term.
We also include the effects of ρ − ω mixing. But the coupling constants are constrained because these terms appear in nucleon-nucleon scattering as an NN potential of medium range. The effects of ρ − ω have been reviewed [1, 2, 3, 4] . This term gives contributions to the nn vs pp 1 S 0 scattering length, and cause class IV forces [1] in np scattering. This force causes a polarization difference between the outgoing neutron and proton. This effect contributes significantly to the binding energy difference between 3 H and 3 He and in other mirror nuclei. The ρ − ω mixing effects do not dominate all of the mentioned quantities, but contributes to all. However, all known strong contributions to CSB have the same sign because they are all driven by the same up-down mass quark difference. The point is that the relevant coupling constants are constrained by existing knowledge.
Results of Wagman & Miller [5]
Please see the cited reference to find a full description of our results. Here there is only space available to summarize. The value of G CSB E (Q 2 ) vanishes at Q 2 = 0 and rises monotonically to a maximum of about 0.001 ± 0.0005 at Q 2 = 0.3 GeV 2 . This is small indeed. Our best estimate of G M is that it is approximately constant at 0.01 ± 0.01 for Q 2 between 0 and 0.3 GeV 2 .
The predictions for the CSB magnetic moment and electric and magnetic radii are shown in Table 1 . Strictly speaking only the Q 2 = 0 resonance contribution should be counted as LO, but the higher-order contributions found by including the full Q 2 dependence of F CSB 1 (Q 2 ) ρ−ω and F CSB Table 1 . Results for the CSB magnetic moment G CSB M (0) and electric and magnetic radii ρ CSB = − 6. Effect on the Q weak [6] and P2 experiments The formula that relates the CSB form factors to the observed experimental asymmetry is
where ≈ 1 and τ ≈ 0.07 for the Q weak experiment. This means that electric effects are dominant. Since G CSB E is very small we find |δA PV CSB | < 1 ppb. This is negligible compared with the observed 279 ppb. The Mainz P2 experiment is planned to run at even smaller values of Q 2 and our estimate for this experiment is an even smaller value of |δA PV CSB | < 0.01 ppb. The absolute value symbols appear because G CSB E could be negative.
Summary of Miller & Wagman [5]
Our principal result is that charge symmetry breaking effects are too small to influence the extraction of nucleon strangeness measurements from parity-violating electron-proton scattering experiments. Including both uncertainty in resonance parameters and higher-order term uncertainty quantified by the magnitude of form factor contributions, our LO predictions are G CSB M (0) = 0.021 ± 0.01 ± 0.008 and |G CSB E | < 0.005 for Q 2 < 0.3 GeV 2 . Comparing these results with current experimental bounds on strangeness form factors G s M = 0.33 ± 0.4, G s E = 0.006 ± 0.02 at Q 2 = 0.1 GeV 2 [11] , we see that our CSB predictions are an order of magnitude smaller than current experimental error bars.
The predictions of HBχPT with resonance saturation made by KL are G CSB M (0) = 0.025±0.02 and |G CSB E | < 0.01 for Q 2 < 0.03 GeV 2 including resonance parameter uncertainty [13] . The much larger resonance parameter uncertainty in these results arises from using a large ω-nucleon coupling constant g ω ∼ 42 taken from dispersion analysis. Experimental measurements of the 3 He-3 H binding energy difference constrain g ω to be less than about 19 ± 5 when ρ − ω mixing is treated as a resonance contribution to HBχPT contact operators. Taking g ω = 19, the prediction of HBχPT with resonance saturation becomes G CSB M (0) = 0.031 ± 0.01 at NLO and |G CSB E | < 0.005 at LO for Q 2 < 0.03 GeV 2 . This is once again an order of magnitude smaller than current experimental uncertainties on nucleon strangeness.
Our results demonstrate good agreement between LO loop contributions in RBχPT and HBχPT. The RBχPT loop contribution of 0.014 to G CSB M (0) agrees with the LO HBχPT loop contribution to better than 95%. The RBχPT loop contribution to ρ CSB M is smaller than the LO HBχPT loop contribution but larger than the loop contribution at NLO. The two frameworks therefore manifestly agree on ρ CSB M up to higher-order corrections. The RBχPT loop contribution to ρ CSB E is also smaller than the LO HBχPT loop contribution, but ρ CSB E is numerically dominated by the resonance contribution in both frameworks and so we expect that differences can again be considered higher-order.
RBχPT and HBχPT must give predictions for physical observables that agree up to higher-order errors once loop and counterterm contributions are included. It is encouraging to see that this agreement is achieved when using resonance saturation estimates for the counterterm contributions. A model independent chiral prediction for the CSB form factors still requires direct constraints on the counterterm contribution from experiment or QCD, but our investigations have found no reason to doubt the consistency of CSB form factor predictions using chiral loops and resonance saturation counterterms. Therefore, we may conclude that the theoretical uncertainties are under control.
